Abstract. Continuous casting is a modern and advanced
Crystallizer and its Functions
The main function of the crystallizer is to ensure stiffening of the surface shell of such a thickness and strength that will keep the content of a liquid core inside at the iron stream input into the secondary cooling zone. The key parameters are shape, shell thickness, the same temperature of the shell during the shift and this all without the internal and surface defects with minimal porosity and a small number of non-metallic inclusions [2] .
The crystallizer is made of very pure copper alloy. The walls of the crystallizer cooled by water dissipate the heat from the solidifying steel. The inner working surface of cooper plates contains chromium or nickel to achieve adequate surface hardness. The definition of the heat transfer between the steel blank and the crystallizer, as one of the boundary conditions, is complicated and also key problem [2] . The cooling of the steel blank in crystallizer is a combination of heat transfer by convection, conduction and radiation. The largest amount of heat per time unit is dissipate away from the steel blank in the crystallizer and it is from 10 to 30 % of total heat. In most cases, the crystallizer is cooled by water flowing through the milled slots or drilled channels of the plates, or it is constructed as a tubular, so the whole outer surface is washed by water. The heat transfer passes over every single layer as shown the Fig. 1 , which forms an overall resistance against the heat transfer [2].
The Coefficients of the Heat Transfer in the Crystallizer
The heat flow Q m dissipated from the steel blank is given by formula (1) implying than this flow is carried off by cooling water, passing through the crystallizer [3] :
where F is the heat flow [kg.s -1 ], c w is the specific thermal capacity of cooling water [J.kg -1 .K -1 ], ρ w is the density of cooling water [kg·m -3 ] , T out is temperature at the output of the crystallizer [K] , and T in is temperature at the input of the crystallizer [K] .
The average heat transfer coefficient on the boundary steel blank -crystallizer can be determined from the equation: Fig. 2 shows the temperature profile at the steel blank -crystallizer boundary. From the experimental measurement, in which 44 thermocouples in two lines were installed into the crystallizer, it is possible to observe that the temperature is about values of 100 °C at the spot T m and do not exceed 200 °C [2] .
Optical Fiber DTS Based on the Stimulated Raman Scattering
Optical Fiber DTS (Distribution Temperature System) is unique distributed temperature system using optical fiber as a sensor. Thanks to the advantageous properties of the optical fiber are these sensor systems very interesting and preferable for utilization in the industrial environment [4] . In some actual cases, the optical fiber DTS are nowadays an indispensable tool:  monitoring of the pipeline leaks,  monitoring of water leakage in water constructions,  measurement of temperature profiles of the boreholes into the rock mass (heat pumps).
Optical fiber DTS uses nonlinear phenomena in optical fiber, namely Raman and Brillouin nonlinear scattering. Optical fiber DTS using Brillouin stimulated scattering are able to measure not only the temperature but also mechanical stress along the optical fiber at distances up to 50 km, but due to the higher acquisition costs Raman DTS are currently mostly used in the industrial practises.
The Principle of Operation of Optical Fiber DTS Based on Stimulated Raman Scattering
In the case where we want to determinate the temperature at the certain point z of the fiber (the distance from the head of the fiber), it is at first important to focus on the characteristic spectrum of the Raman scattering. I S represents the intensity of the Stokes part of Raman scattering, I AS represents the intensity of the anti-Stokes part of Raman scattering. Commonly used lasers in optical fiber DTS based on the stimulated Raman scattering have typical wavelength at 1064 nm [5] , [6] .
The final mathematical formula describing the principle of operation of optical fiber DTS based on the stimulated Raman scattering is represented by Eq. (3). The final form of the Eq. (3) is a linear combination of the temperature offset (the first part of equation), the difference of the attenuation in the optical fiber (the second part of the equation) and measured temperature based on the ratio of anti-Stokes and Stokes part of the Raman scattering spectrum (the third part of the equation):
where C S and C AS are constants, Δα = α S -α AS and is greater than zero, T(z) is the size of temperature at the spot z from the head of the optical fiber.
The formula corresponding to the temperature offset T REF is as follows:
where k is Boltzmann constant, 2πΩ is red and blue frequency shift and h is Planck constant.
Optical Meanders in Point Mode
If it is necessary to ensure an accurate localization in the measurement process, it is appropriate to apply optical meanders in the point mode. The point mode means that in some specific spot is created sensory ring from optical fiber. In practice, it is often required to have the sensory ring with as small sizes as possible (inner diameter and length of the optical fiber in the ring). It is obvious that the dimensions of the sensory ring will vary with different parameters of optical fibers [7] .
Experimental measurement revealed, that for multimode optical fiber with tight secondary protection (outer diameter 900 µm) is sensory ring critical inner diameter at value of 3,5 cm, as shown in Fig. 3 . In the case of using multimode optical fiber with only primary protection (outer diameter 250 µm), the critical inner diameter of sensory ring decreases to the value of 3 cm, as shown in Fig. 4 . According to another experimental measurement the length of multimode optical fiber in the single sensory ring has a critical minimal value about 3 m.
Experimental Utilization of Sensory Rings During High Temperature Measurement
As was found from the experimental measurement of the continual casting in operation using thermocouples, the temperature of crystallizer does not exceed 200 °C and varied around the value of 100 °C [2] . Experimental measurement of the sensory ring parameters made out of multimode optical fiber was carried out in the water bath Memmert at the temperature of 40 °C only. Therefore, it was necessary to verify this method of temperature measurement using sensory ring in measurement of high temperatures.
To verify the applicability of this method for high temperatures measurement was created the configuration consisting of 3 sensory rings. The parameters of the used sensory rings corresponded to the results of the experimental measurements respectively, the inner diameter of the rings was equal to 5 cm, and the length of optical fiber in the ring was 5 m. The distance between individual sensory rings was also 5 m. This configuration allows to assess whether high temperature does not affect the temperature offset calibration and compensation of the optical fiber attenuation (3), as is shown in Fig. 5 . Schematic diagram of the experimental measurement using optical fiber DTS based on the stimulated Raman scattering and configuration of sensory rings shows Fig. 6 . The first and the last sensory ring were placed on the ceramic plate inside of the high temperature furnace (ring n.1 and n.3). The middle sensory ring (ring n.2) was placed outside of the high temperature furnace. Target temperature of high temperature furnace was set at 900 °C. 
Sensory Ring from Multimode Optical Fiber with Tight Secondary Protection (Outer Diameter 900 µm)
The sensory rings created from multimode optical fiber with a tight secondary protection were chosen for the initial validation of the method. Ring n.1 was placed near the entrance door of the high temperature furnace, ring n.2 was placed outside of the furnace and ring n.3 was placed in the rear section of the furnace, as shown in Fig. 7 . The result of the first 30 minutes of the measurement with sensory rings placed in the high temperature furnace shows Fig. 8 . The result shows that the disposition inside the furnace was selected incorrectly. The input multimode optical fiber was led to the high temperature furnace through the grommet placed in the upper part of furnace (Fig. 7) . The input fiber passes near the heating coil, which caused the tip in measured temperature curves at a distance of 64 m (Fig. 8) . Another problem was the temperature distribution inside the furnace. From the measured data, it is obvious that the temperature in the rear section of the furnace is much higher than the temperature near the front door of the furnace.
According to the method displayed in Fig. 5 it is not possible to correctly evaluate method of sensory ring (optical meanders in point mode) in this configuration. The problem of sensory ring from multimode optical fiber with a tight secondary protection occurs at the temperature of 400 °C. As shown in Fig. 9 , the secondary protection (PVC) began to burn, and ring n.1 changed its shape (Fig. 10 ). These problems significantly affected the measurement of higher temperatures (but only in case of damaged ring). According to these experiments can be said that sensory rings from multimode optical fiber with tight secondary protection are limited in use by the material of secondary protection itself. The flash point of PVC is in the range from 385 to 530 °C, which is the reason, why PVC is not appropriate material for measurement at such high temperatures [8].
Sensory Ring from Multimode Optical Fiber with Primary Protection (Outer Diameter 250 µm)
The configuration with sensory ring from multimode optical fiber with just primary protection was used for the second experimental measurement inside the high temperature furnace. After previous experience, the fiber was guided through the entrance door of the high temperature furnace and sensory rings n.1 and n.3 were placed at each other (Fig. 11) . The result of the first 30 minutes of the measurement is shown in Fig. 12 . According to Fig. 12 it is obvious that rings n.1 and n.3 showed different temperatures (for the time from 0 to 21 minutes). We assumed that the lower ring n.3 was cooled by a ceramic plate. Therefore, in the 7 th iteration of the measurement (21 st minute) the door of high temperature furnace was opened and the rings were placed next to each other. Our assumption was confirmed because the rings temperatures were aligned in the following time period (from 24 to 30 minutes.).
When the temperature of 330 °C was reached (13 th iteration of measurement, 39 th minute.) the temperature in the ring n.3 increased and the temperature in the ring n.1 remained the same. The process was accompanied by a distinctive odour. It was suspected that the draw bands burned out. Therefore, the entranced door of the high temperature furnace was opened between 45 th and 48 th minute to check the state of sensory rings. Draw bands burn out confirms Fig. 13 . After burn out of the draw band, both rings showed the same temperature. In 19 th iteration (57 th minute) at the temperature of 450 °C inside was the entrance door opened again to check the state of the sensory rings. This effect can be observed in Fig. 14 due to decreasing of the temperature from 450 °C to value about 400 °C. After this check, the door of the furnace was not opened till the end of this measurement. The objective of this measurement was to find out the maximum possible temperature value at which is this method still able to measure correctly, see Fig. 15 . From the Fig. 15 , it is clearly visible that the method is able to measure until the temperature about 600 °C. The destruction of the primary protection layer occurs after exceeding of this temperature. This protection layer held the form of the ring together as a conglutinate (after burn out of the draw band). The collapse of the primary protection layer causes that the multimode optical fiber (core and cladding only) will not keep its original shape. Thanks to its fragility will break apart immediately, when will touch the wall of the furnace (see the 81 st minute, Fig. 15 ).
The conclusion of this method experimental verification in high temperature furnace is that for the ideal configuration of the sensory ring is appropriate to use multimode optical fiber with primary protection. This configuration is able to measure the temperatures up to 600 °C. The other advantage of this configuration is that the sensory ring made of multimode optical fiber with just primary protection has a smaller dimension. However in the case of measurement of crystallizer thermal profile, when temperatures are not expected higher than 200 °C, it is possible to use a sensory ring made of multimode optical fiber with a tight secondary protection.
Implementation of Sensory Rings on the Crystallizer
For solving of the problems connected with the placement of the sensory rings on the outer shell of the crystallizer was created its model, which has the same outer dimension (in cross section), see Fig. 16 . During the construction of this model was for easier fabrication chosen the plate with thickness of 4 mm only. The length of the crystallizer model was set to 600 mm.
The two variants of the sensory rings configurations were chosen for solving of the placement task. It is as a reaction on the question, how to design the configuration of the sensory rings properly, so that the final evaluation will be as simple as possible.
Option A: Configuration and Calibration
This option includes 4 sensory rings for placement on all 4 sides of the crystallizer in the same level. For reasons of easier manipulation, the sensory rings were produced from the multimode optical fiber with a tight secondary protection (outer diameter 900 µm), the inner diameter of the ring was 4 cm and the length of the optical fiber in the ring was 4 m. The length of the fiber between adjoining rings was only necessarily long for their connection. The configuration created in this manner was calibrated in the water bath Memmert at the temperature of 40 °C, Fig. 17 . For reasons of too short distance in between the rings the calibration was performed at first with the omission of the sensory rings n.1 and n.3. Then for verifying of the correctness of the settings was the calibration performed with the omission of the sensory rings n.2 and n.4. The results of the calibration are shown in Fig. 18 . The deviations were balanced by temperature offset T ref . 
Option B: Configuration and Calibration
This option also includes 4 sensory rings for placement on all 4 sides of the crystallizer in the same level. For reasons of easier handling were sensory rings created also from of the multimode optical fiber with tight secondary protection (outer diameter 900 µm), the inner ring diameter was 4 cm, as in the previous case, and the length of the optical fiber 4 m also remains the same as in option A.
For better evaluating was decided to set the length of the optical fiber between adjoining sensory rings on 4 m in case of this option. This configuration enables to perform the calibration in the water bath Memmert at once (the temperature of water was set again at the level of 40 °C). The calibration result is shown in Fig. 19 . The calibration result presented in Fig. 19 shown that the measured temperature values were about 38 °C. This deviation was balanced by temperature offset T ref as well.
Experimental Verification of the Implementation of Sensory Rings on the Crystallizer Model
For experimental verification were both configuration options of the sensory rings placed on the model of the crystallizer by special epoxy adhesive fashioned for high temperatures (Loctite 9492, operating temperature from -55 °C to 180 °C). The location of sensory rings on the crystallizer was chosen so that on each side of the crystallizer were placed both configuration options of sensory rings at one level (Fig. 20) . 
Conclusion
Experimental measurements presented in this article were supposed to verify the applicability of optical meanders in the spot mode (sensory rings) for measurement of the crystallizer temperature profile. The results showed that the best configuration with improved measurement precision was the configuration with two sensory rings at the same level on all 4 sides of the crystallizer. The fibers between two adjoining rings should have the length necessarily needed only for their connection. Ideal sensory material is a multimode optical fiber with primary protection. The reasons are in all respects smaller dimensions (inner diameter, height and width of the ring).
For implementation in real conditions are under consideration milled slots into the outer shell of the crystallizer. After embedding of milled slots by the help of high temperature adhesive a continuous surface will arise for better heat dissipation by flowing water. Fig. 2 shows that the temperature in the milled slots should not increase dramatically, so the optical fiber will be out of damage danger there [2] . 
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